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Variation of Some Properties of Tantalum Carbide

with Carbon Content

’%n this study tantalum carbide filaments of vari-
ous compositions in the fcc region were prepared by
heating a tantalum wire in a measurved amount of
hydrocarbon vapor. Such properties as lensile
strength, transverse -vupture strength, micvohard-
ness, lattice parameter, electrical resistivity, and
magnetic susceptibility weve measured as a func-
tion of carbon content. Some of these properties
showed a maximum ov a minimum between a carbon-
to-tantalum molar ratio of 0.80 and 0.85, the com -
position range at which the color changes from
metallic gray to gold.

THE recent literature has shown that in the large
homogeneity range for the fcc phase of the Ta-C
system there is a marked variation for such proper-
ties as microhardness,’ eiectrical resistivity,'»?
thermodynamic properties,®® lattice parameter A
and superconductivity.” In addition to the technologi-
cal interest of these variations within a single
phase, important theoretical benefits may ensue
from a continuous investigation of properties vs
stoichiometry in tantalum carbide and other refrac-
tory defect compounds, for example the effect of the
metal-metal distance and crystal structure upon
bond formation and electronic structure.

Whether there is a similar variation of the tensile
strength is of practical importance. Of theoretical
interest would be the knowledge of how the mag-
netic susceptibility varies with carbon composition.
Both of these properties, as well as the transverse-
rupture strength, were determined for tantalum
carbide filaments in the fcc phase region. The lat-
tice parameter, the electrical resistivity, and the
microhardness were also investigated and com-
pared with values appearing in the literature.

]

EXPERIMENTAL PROCEDURE

Material Preparation. Tantalum carbide speci-
mens of various carbon content were prepared by
statically carburizing high-purity tantalum fila-
ments in measured quantities of pure hydrocarbon
gas. The filaments, which were 10 mil in diameter
and 20 or 40 cm long, were heated by their own re-
sistance at temperatures from 1800° to 2200°C using
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alternating current in some cases and direct cur-
rent in others. Tantalum wire from two sources
was used. One had a reported purity of 99.96 wt pct
Ta. The ingot from which this wire was drawn had
been electron beam-melted as the final step in its
purification. The reported purity of the other wire,
which was prepared by a powder metallurgical
process, was 99.88 wt pct Ta. The impurities of
both tantalum sources are listed in Table I. Spec-
trographic-grade toluene or research-grade pro-
pane was used as the source of carbon.

The apparatus for the carburization of the fila-
ments is shown schematically in Fig. 1. The system
was evacuated to 1 X 10”° mm of Hg when using the
electron beam-melted tantalum and to less than 1 u
when using the less-pure tantalum. Neither the dif-
ference in the base vacuum, nor in the hydrocarbon
gas, nor in the tantalum filaments resulted in any
detectable difference in the properties studied in
this work. However, only the carbides prepared
from the higher-purity tantalum were used in the
magnetic-susceptibility determinations. Once the
base vacuum had been reached, the system was
flushed with the hydrocarbon and re-evacuated. For
any desired composition of the carbide, hydrocar-
bon gas was allowed to leak into a constant-volume
flask to a predetermined pressure. These pressures
were measured by a Cartesian diver-type mercury
gage with a range from 0 to 20 mm and with a scale
expanded to nine times. The hydrocarbon gas was
allowed into the reaction tube and the filament was
quickly raised to the reaction temperature. The
slack in the filament due to thermal expansion was
taken up by drawing out the movable electrode with
a screw mechanism. The filaments were kept at
temperature from a few minutes to 200 hr. In the
majority of cases the heating time was 6 hr. The
reaction tube was cooled by cascading water on its
outer surface. By means of an ammeter and a
voltmeter the electrical resistance at the reaction

Table I. Analysis of the Tantclum Metals

Electron Beam-Melted Tantalum Powder-Metallurgy Tantalum

Element Ppm Element Ppm
Nb 150 Nb 500
Al, Cu <50 w 400
Fe 25 Fe 200
Mo <25 C 100
C, Cr, Ni, Ti <10
H, N, O (total) <17
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Fig. 2—Carburized tantalum filament X300. Reacted 6 hr
at 2000°C. Molar ratio C/Ta = 0.68. Reduced approxi-
mately 9 pct for reproduction.

temperature was recorded as the carburization pro-
ceeded. The temperatures were determined by a
calibrated optical pyrometer and the readings cor-
rected for the absorption of the emitted light by the
quartz port and the prism. An emissivity correc-
tion of 0.4 was used for all compositions.9 When
cooling, the filament was continuously adjusted so
as to keep it taut. In this manner, over eighty car-
bide filaments of various carbon compositions were
prepared. It was found from chemical analysis that
the total carbon concentration was within TaC, s
of the precalculated value in the composition range
0.40 =x =0.91. A composition of only TaCo.g2 re-
sulted when using the calculated amount of hydro-
carbon for stoichiometry. The highest carbide that
could be prepared by using an excess of hydrocar-
bon gas was TaCo. gs.
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Fig. 1—Apparatus for preparing tantalum carbide
of various carbon compositions.

The uniformity of the carburization along the di-
ameter of the wire was investigated by metallo-
graphy, microhardness, and X-ray techniques. X-ray
diffraction patterns of filament surfaces were com-
pared with those after grinding the sample into a
powder. Uniformity along the length was deter-
mined by X-ray diffraction and electrical-resis-
tivity measurements made at various positions along
the wire and by dividing the wire into two or three
sections and analyzing each section for total carbon.
For these sections the small quantity of material
precluded duplicate analysis. In other specimens
duplicate analyses were made for total carbon, but
additional analysis for free carbon, nitrogen, oxy-
gen, and hydrogen was not possible on the same
filament. Other carbide filaments were analyzed
for oxygen and hydrogen by hot extraction giving 34
and 3 ppm, respectively. No attempt was made to
analyze for nitrogen although it should be of the
same order of magnitude as the other gas impuri-
ties. All the carbon concentrations given in this re-
port are for total carbon. The analysis was ac-
complished by combustion. The small quantity of
sample precluded reliable free-carbon analysis.

From the highest carbide obtained down to TaCo.70
the samples proved to be uniform radially and
along the wire axis. Just below TaCo.70 the cross
section consisted of two concentric and distinct re-
gions as in Fig. 2. At a concentration of about
TaCy.43 four different regions could be observed, as
in Fig. 3. The carbon concentration in the multi-
structure samples was found by X-ray diffraction
and microhardness to decrease toward the center of
the cross section. Not every structure represented
a pure phase. In some cases, it represented a pri-
mary phase and a small quantity of another phase,
which appeared as very weak lines on the X-ray
pattern. The carbon concentration along the entire
length of the long wires varied less than TaC,4, o,
down to an over-all composition of TaCp ¢s5. At an
over-all carbon composition of TaCy 45, the gradient
was as high as TaC,.,.,s Over a 40-cm length. The
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Fig. 3—Carburized tantalum filament X300. Reacted 6 hr
at 2000°C. Molar ratio C/Ta = 0.43. Reduced approxi-
mately 3 pct for reproduction.

Fig. 4—Carburized tantalum filament X300. Reacted 17
hir at 2000°C. Molar ratio C/Ta = 0.73. Reduced approxi-
mately 3 pct for reproduction.

longitudinal concentration gradient was found not to
be dependent on whether the current through the
wire was alternating or direct. Table II gives the
corresponding phases present for a number of com-
positions. Just below a composition of TaCy 74 a
uniform distribution of striations appears on the
photomicrographs, see Fig. 4, and weak Ta,C lines
(hexagonal crystal structure) on the X-ray diffrac-
tion film. Above TaCo.74 only TaC lines (NaCl-type
crystal structure) occur and the photomicrographs
are plain. Fig. 5 is a typical example. For this
reason the investigation of the various properties
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Fig. 5—Carburized tantalum filament X300. Reacted 6 hr
at 2000°C. Molar ratio C/Ta = 0.91. Reduced approxi-
mately 10 pct for reproduction.

446~ O PRESENT WORK

ot O BOWMAN -
o445

wl

'—

w

2

<444

<

a

O

O 443~

-

<

|

O 442

o

-

4.4 id i | |
6 7 8 9 Ko

MOLAR RATIO, C/Ta

Fig. 6—Variation of TaC lattice parameter with compo-
sition.

studied here was not carried out much below TaCg 74.
Fig. 6 shows the variation of the lattice parame-

ter for TaC. The X-ray diffraction patterns were

made with a 114.6-mm-diam Debye-Sherrer camera

using Cu-K, radiation. Probably the best values

for the lattice parameter in the fcc phase were re-

ported by Bowman,* Lesser and Brauer,’ and

Dolloff.> The purity together with the homogeneity

of their samples exceed that of other workers and
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Table Il. Composition end Phases of Carbide Filaments
Reacted at 2000°C

Description of the
Structures

Phases
(by X-Ray Diffraction)

Composition,
Molar Ratio C/Ta

0.975 - 0.740 y only Appears as in Fig, 5
0.730 — 0.710 B +y Appears as in Fig. 4
0.680 B +y Fig. 2
0.675 B+y+(Q) —
0.520 By~ —
0.430 a+B+(y - Fig. 3

y — fcc (NaCl type), TaC,

B — hexagonal, Ta,C.

a — bee, Ta.

¢ — an unknown phase first reported by Lesser and Brauer.®
() — a few very weak lines on the X-ray film.

the data of these authors are in good agreement.
Bowman’s data also appears in Fig. 6. A compari-
son of the present work with that of Bowman’s, in
which free carbon was known to be absent, indi-
cates that for the wire samples free carbon must
either be nonexistent or very small. In addition, the
examination of numerous photomicrographs of the
filaments failed to reveal a structure which could be
interpreted as occluded carbon flakes. The possi-
bility of a radial carbon gradient as the cause for
the difference in the two curves must be ruled out
for two reasons. The X-ray diffraction patterns of
the filament surface were identical with those after
grinding the samples into a powder, and microhard-
ness measurements showed no gradient across the
entire cross section. However, the position of the
curve given in the present work does suggest a non-
equilibrium condition exists in the carburized wires.

Experimental Measurements. For the determina-
tion of the tensile strengths, filaments were broken
into 1-in. lengths and each piece was cemented onto
flat plates, which had been scored so as to insure
correct alignment of the sample. The flat plates con-
stituted the end portions of the grips. The gage
length of the samples was about 1/4 in. and the
cross-head speed of the tensile tester was 0.02 in.
per min,

A three knife-edge arrangement was used in the
transverse-rupture test. The radii of the knife edges
were 0.03 in., the gage length of the samples was
0.252 in., and the cross-head speed was 0.02 in.
per min. The moduli were calculated by the usual
beam formula:

_mc
-

where ¢ is the modulus of rupture; M, the moment;
C, the neutral axis; and /g the moment of inertia.
For our purpose,

where p is the load; I, the gage length; and 7, the
cross-section radius. In both the tensile and the
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bend experiments as many as ten pieces from each
filament were tested. The microhardness measure-
ments were made on the cross sections of pieces of
the filament which had been mounted in plastic,
polished, and etched. Two different loads were used,
25 g and 100 g. At least five indentures per sample
were made. As many as fifteen indentures per sam-
ple were made on several specimens in order to
check the uniformity of the cross section. In these
cases the 25-g load had to be used.

The room-temperature electrical resistivities
were determined potentiometrically. These meas-
urements were made at various positions along the
length of the filaments. The smallest distance be-
tween the voltage probes was 25 mm.

The Gouy method was used for the magnetic-
susceptibility experiments. A 3- to 5-in. length of
filament was suspended by a 5-mil-diam copper
wire from a substitutional weight microbalance to
the middle of a pair of 1-in.-diam pole caps of a 12-
in. electromagnet. The air-gap between the pole
caps was 1/4 in, A 3-in.-diam glass tube from the
balance to the yoke of the magnet and a plastic
shield around the entire yoke were provided to
eliminate the effects of drafts while weighing. The
yoke shield had a removable door for access to the
sample. Electrostatic charges were eliminated by
positioning strips of polonium-210, an « emitter of
500 microcuries, near the balance pan, the copper
wire, and sample. Prior to turning on the current to
the magnet, the polonium near the sample was re-
moved so as not to perturb the magnetic field.

The sample was glued to the suspension wire by
a very small drop of Canadian balsam. The balsam
made no detectable contribution to the susceptibility.
The maximum field was 36,000 gauss at 2.0 amp.
Measurements were made at four different field
strengths by varying the current of the magnet from
0.25 to 1.9 amp. The magnetic-field strength at the
center of the pole caps and at the upper end of the
specimen was measured directly with a rotating-
coil gauss meter which had an accuracy of 0.1 pct.
The temperature of the room was kept constant at
25° + 0.5°C. A plastic box of 1/2-in.-thick walls
covered the microbalance to eliminate adverse ef-
fects due to the body heat of the operator. The light
for illuminating the scale of the balance was turned
on 2 hr prior to testing in order for the temperature
within the box to come to equilibrium.

RESULTS

Color Change. A color transition was found to
occur as a function of composition within the fcc
phase. At low concentrations of carbon the color
is a metallic silver. It changes to a slightly golden
color between TaCgy, g and TaCy.g; and then to a
bright gold at higher concentrations.

Resistivity Change. The change in resistivity
during the reaction for various initial pressures of
hydrocarbon expressed in terms of the final com-
position is given in Fig. 7. These resistivity values
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Fig. 7—Approximate resistivity at 2000°C during carburi-
zation for various initial hydrocarbon pressures expressed
as final composition.

are only approximate due to the method used and
the uncertainty in the wire dimensions at the high
temperature. At higher pressures the resistivity
quickly reaches a maximum and then falls rapidly
to a fairly constant value. The greater the initial
pressure, the more rapid is the decrease in resis-
tivity. At lower nressures the resistivity also riges
rapidly, but then instead of decreasing it continues
to increase slightly. Between an initial pressure
corresponding to a final product of TaCg.7; and
TaCo. 76 the resistivity remains relatively constant
after the initial rise.

Tensile Strength. The tensile strength as a func-
tion of the composition for the fcc phase is given in
Fig. 8. Although there is a great deal of scatter, a
minimum in the curve can be observed at about
TaCo.s with a value of 52,000 psi. An extrapolation
of the curve to TaC; , results. in a tensile strength
for that composition of 75 X 10° psi. Becker and
Ewest® reported a value for the tensile strength of

TaC of ahout 2800 to 4300 psi for a 1,2-mm-diam
wire. Eckstein and Forman® report 30,000 to 35,000
psi with bulkier specimens, prepared by carburizing
small pieces of tantalum. For the ‘‘as-received”’
electron beam-melted tantalum wires, the ultimate
strengths were found to be 59,900 psi and for the
other tantalum wire 59,400 psi.

Elongation data were not obtained since the test
specimens had a tendency to slip in the grips. Not
a single specimen, regardless of composition, dis-
played even the slightest plastic flow; nor did micro-
scopic examination reveal the least necking down
at the fracture.

Modulus of Rupture. In the transverse-rupture
tests, both moduli of rupture and bend deflections
were obtained and are shown in Fig. 9. In both of
these curves a minimum occurs at about TaCo,g,
with a modulus of rupture value of 100,000 psi and
a deflection of 1.30 X107 in. Not enough data points
were obtained near the high-carbide end of the curve
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Fig. 8—Ultimate tensile strength of tantalum carbide. The
center of the circles represent the mean strength values
and the limits on each point represent the standard devi-
ation.
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0

to attempt an extrapolation to TaC,.o, but at TaCg. g,
the modulus of rupture was 138,000 psi and the bend
deflection was 1.55 X 107° in.
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Fig. 11 —Room-temperature resistivity of tantalum carbide.

Hardness. In Fig. 10 hardness data are given
using a 25-g load and a 100-g load. A maximum in
these curves occurs at between TaCy 5 and TaCo.ss
which is near the composition where a minimum oc-
curred in the tensile and the transverse-rupture
tests. A hardness of 1650 kg per sq mm was ob-
tained at TaCo, 96 using a 25-g load and of 1550 kg
per sq mm at TaCo, g4 With the 100-g load. Since
the hardness at TaCq.g5 and at TaCo,g, (100-g load)
were about the same as that for TaCg, gg, the curve
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Table I1l. Review of Microhardness Data for TaC

Load, Microhardness, Composition,
Author Date G Kg Per Sq Mm Molar Ratio C/Ta
Kieffer and 1949 50 ' 1800 Assumed TaC,
Kolb!*’
Foster and - 1950 — 1952 Assumed TaC,,,
co-worker'’
Hinntiber'” 1950 20 1800 Assumed TaC,,,
Mierson and 1953 — 1547 Assumed TaC,,,
Umanskii'®
Samsonov and 1957 —_ 980 0.545
Rukina® 1340 0.820
1450 0.935
15802 1.00
8Extrapolated.

was not extrapolated to TaC,.,. Contrary to the re-
sults of this work, Samsonov and Rukina' have re-
ported a nearly linear relationship for the micro-
hardness for both the Ta.C and the TaC phase re-
gions, see Fig. 10. The authors did not specify what
load they had used, but their values extrapolate to
about 1600 kg per sq mm at TaC; 0. A summary of
microhardness values reported in the literature is
given in Table III.

Resistivity. Fig. 11 shows the room-temperature
resistivity in the fcc phase. A similar effort by
Samsonov and Rukina' is also given for comparison.
The lowest value reported for the resistivity of TaC
is 25 microhm-cm,*® as compared to the value found
here of 18.5 microhm-cm for TaCo.e7. A lower tem-
perature of carburization (1800°C) appears to lower
the room-temperature resistivity, at least for the
lower carbides between TaCp.73 and TaCo.7s. These
latter data agree better with the Russian authors,
who prepared their specimens at 1800°C. The room-
temperature resistivity for the electron beam-
melted ‘“as-received’’ tantalum wire prior to car-
burization was found to be 13.7 microhm-cm, while
that for the other wire was 13.5 microhm-cm. A
literature value for the resistivity of tantalum is
12.4 microhm-cm at 25°C."

The approximate resistivity for tantalum carbide
at 2000°C after 6 hr reaction time is seen in Fig. 12
to vary linearly with composition. The extrapolated
resistivity at 2000°C is 90 microhm-cm for TaC; o.
Becker and Ewest® in 1930 reported the temperature
variation of tantalum carbide between 1200° and
2400°K. Their value for the resistivity at 2000°C
corresponds to a composition of about TaCo.7¢ On
the curve in Fig. 12. Recently Eckstein and For-
man® have determined resistivities between 1400°
to 3500°K, which, based on Fig. 12, corresponds to
about TaC,.,s. Both sets of data were collected from
specimens prepared from a solid-gas phase reac-
tion, but exact compositions were not determined.

Magnetic Susceptibility. The magnetic-suscepti-
bility variation with composition in the fcc phase is
given in Fig. 13. A maximum diamagnetism occurs
at about TaC, s. The transition from diamagnetism
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Fig. 12—Approximate resistivity of tantalum carbide at
2000°C. Reacted 6 hr.

to paramagnetism occurs at about TaCy e. An ex-
trapolation to TaC,,o gives a volume susceptibility
of +5.4x107° cgs units. It was not possible by this
method to determine the susceptibilities of the ‘‘as-
received’’ tantalum filaments since their suscepti-
bilities were sufficiently large to cause them to stick
to the pole face when the magnetic field was on. In
fact, the long test specimens of the highest car-
burized sampies were aiso aiiecied in this way.
Fortunately, by reducing their lengths and suspend-
ing them so that their upper ends were at the center
of the pole caps, measurements could be made on
the high-carbide filaments. None of the composi-
tions displayed any variation of susceptibility with
field strength, thus indicating an absence of ferro-
magnetic impurities.

Two other values reported for the volume sus-
ceptibility of a TaC are <+6.53 X 10™® by Kelmm
and Schiith’® and +0.70 x 10~® by Bittner and
Goretski.' The latter authors™ have just recently
reported the molar susceptibility variation with
composition in the TaC-phase. The qualitative
agreement with the present work is good. They show
a maximum diamagnetism at TaCo.5 and a transition
from diamagnetism to paramagnetism at TaCo.g.
However, the values here are higher than theirs by
about a factor of seven for TaC,., and a factor of
two for TaCo,s. Yet, it would be expected that the ex-
trapolated value for TaC, , found in this paper would
be slightly low rather than high since the highest
carburized specimens had been reacted in an excess
of hydrocarbon vapor and had a carbon coating. As
it was not possible to remove the last traces of this
coating, its presence would tend to lower the positive
force on the paramagnetic carbide, since graphite
is highly diamagnetic.

DISCUSSION

As it has been shown here by the results of the
X-ray diffraction, the photomicrographs, and the
electrical resistivities, it is difficult to prepare
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Fig. 13—Magnetic susceptibility of tantalum carbide.

tantalum carbide by a solid-gas phase reaction. Ap-
parently the diffusion of carbon into a tantalum-
carbide matrix is very slow. In spite of its draw-
vacks the gas-phase method of preparation is of in-
terest since it provides a means of preparing com-
plex-shaped hardware of tantalum carbide by first
forming the piece out of tantalum and subsequently
heating it in a hydrocarbon atmosphere. Brewer

et al.*® and Horster and Kauer™ have investigated
the solid-gas phase reactions in tantalum carbide in
some detail.

The color transition occurring in fcc TaC is re-
lated to the electronic structure which is altered by
the addition of carbon atoms. This is in agreement
with the maximum diamagnetism occurring at about
the same composition as the color transition.
Further, Giorgi and coworkers’ found that the super-
conducting iransition temperature, which is highest
for TaC,,o, is lowered with the decreasing carbon
until at about TaCy, g5 it disappears, at least down to
1.05°K. It has also been speculated by Storms' that
the maximum melting point in the phase diagram
occurs at TaCy.gs. The evidence then seems to indi-
cate that a transition in the electronic structure
takes place at a critical composition somewhere be-
tween TaCo.s and TaCo.es.

Whether or not such an electronic phenomenon is
responsible for the maximum in the hardness and
the minimum in the other mechanical properties
reported here cannot be stated for certain, since
these are so sensitive to macro effects. Further
efforts concerning the mechanical properties of
nonstoichiometric tantalum carbides are required
before a more positive statement can be made.
However, it is puzzling why the strength curves do
not correspond with the hardness curve. Normally
one would expect maximum hardness to coincide
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with maximum strength. However, this reasoning
stems from experience with materials exhibiting
some degree of plasticity. Whether such behavior
should be expected in the carbides is unresolved.

The utility of the tensile and the transverse-
rupture data for direct engineering purposes is
dubious for two reasons. The extrapolation of the
data on filaments to larger bodies is questionable
and microscopic examinations revealed that the test
specimens contained microscopic surface cracks
or notches, some of which extended to a consider-
able distance into the interior. It is to be expected
then that higher values would result from sound
bodies.
SUMMARY )47 VA

A number of properties have been investigated in
the fcc phase of the Ta-C system. It has been found
that a maximum in microhardness, a minimum in
tensile strength, a minimum in bend moduli and de-
flection, a maximum in diamagnetism, as well as a
color transition occur between TaCy.g and TaCy gs.
It is thought that an electronic structural transition
in this composition range is responsible for the
color change and for the change in the slope of the
susceptibility curve. It may also prove to be a factor
in the shape of the mechanical-property curves.
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